Normal cellular function is dependent on a number of highly regulated homeostatic mechanisms, which act in concert to maintain conditions suitable for life. During periods of nutritional deficit, cells initiate a number of recycling programs which break down complex intracellular structures, thus allowing them to utilize the energy stored within. These recycling systems, broadly named "autophagy", enable the cell to maintain the flow of nutritional substrates until they can be replenished from external sources. Recent research has shown that a number of regulatory components of the autophagy program are controlled by lysine acetylation. Lysine acetylation is a reversible post-translational modification that can alter the activity of enzymes in a number of cellular compartments. Strikingly, the main substrate for this modification is a product of cellular energy metabolism: acetyl-CoA. This suggests a direct and intricate link between fuel metabolites and the systems which regulate nutritional homeostasis. In this review, we examine how acetylation regulates the systems that control cellular autophagy, and how global protein acetylation status may act as a trigger for recycling of cellular components in a nutrient-dependent fashion. In particular, we focus on how acetylation may control the degradation and turnover of mitochondria, the major source of fuel-derived acetyl-CoA.
Introduction
Extreme starvation induces the intracellular recycling of nutrients in order to sustain energy resources and life. This nutrient deprived state results in the progressive shrinkage of organs [1] , which is mediated in part by cellular self (auto) eating (phagy), a biological program termed macroautophagy or autophagy. The intracellular autophagy program was initially recognized and described histologically approximately 50 years ago [2, 3] . The molecular characterization and consequences of the induction of this program are actively being explored. Although excessive starvation itself is destructive [1] , the induction of autophagy is required for recycling of intracellular contents to maintain energetic homeostasis under restricted nutrient conditions. The absolute requirement of this intracellular recycling for energetic homeostasis is evident in neonates during the postpartum period where the initial maternal production of milk is insufficient for the infant's energy needs [4] . Similarly, in association with additional ameliorative benefits of exercise, acute exercise evokes autophagy in the heart and skeletal muscle of mice [5] . At the opposite side of the spectrum, the disruption of autophagy is associated with pathologies such as malignancies and neurodegenerative diseases [6] . Although this concept is more complex in that autophagy itself can sustain nutrient recycling for tumor growth and metastasis [7] and its inhibition can promote cancer cell death [8] . Together, these findings suggest that autophagy is central to the maintenance of cellular homeostatic control. While extreme nutrient depletion induces autophagy, less extreme forms of starvation, i.e. caloric restriction, also confer beneficial lifespan and health effects. Therefore, it is not surprising that the programs at the molecular level that have been identified to trigger starvation-induced autophagy are similarly modulated in response to chronic caloric-restriction [9, 10] and to alternate day fasting [11] .
The quality control of individual organelles within cells is also regulated during macroautophagy and/or can be selectively regulated at the single organelle level. This is epitomized by mitochondria, which can undergo selective mitophagy during development or in response to direct mitochondrial stressors [12] . The molecular programs controlling selective organelle 'phagy' are less well defined and whether the nutrient-restriction stressors inducing macroautophagy are operational in distinct organelles has not been as well established.
A mechanism whereby starvation and caloric restriction exert biological effects includes the modulation of levels of metabolic intermediates. An example being the acetyl group from acetyl-CoA, an intermediate of glucose, fat and protein metabolism, which when bound to protein lysine residues, modifies that protein's properties in a myriad of ways [13] . Lysine residue acetylation status has been found to modify: allosteric DNA:protein and protein:protein interactions; protein stability or subcellular localization and enzymatic activities [14] . Another metabolic intermediate that is modulated with nutrition status is the NAD/NADH ratio. Interestingly, one family of deacetylases linked to caloric-restriction mediated longevity, the sirtuins or Sirts, employ NAD as a cofactor to mediate lysine residue deacetylation. The nutrient-sensing enzymes that regulate protein acetylation/ deacetylation have begun to be characterized [15, 16] , and of note, the mitochondrial enriched deacetylase Sirt3 is itself regulated in response to changing nutrient levels [17] [18] [19] . Despite the accumulating evidence supporting the role of this pathway in the modulation of mitochondrial function, this biology requires additional study as epitomized by the lack of metabolic phenotype in specific genetic depletion of Sirt3 in tissues such as the liver and skeletal muscle [20] .
Due to the increasing metabolic disease burden in response to macronutrient excess [21] , and the associated disruption in mitochondrial function in response to caloric overload [19, 22] , our understanding as to how metabolic intermediates may regulate innate quality control programs (such as autophagy and mitophagy) should give us insight into disease pathophysiology. Given that nutrient restriction can modulate both autophagy and acetylation status, it is not surprising that emerging evidence suggests that these two cellular processes may be intricately linked. Furthermore, understanding the links between metabolic intermediates, acetylation and autophagy may facilitate the design of therapeutic strategies to counter macronutrient-overload diseases through improved cellular housekeeping and homeostasis. To explore these concepts, the objective of this review will focus on nutrient load, the regulation and role of acetylation and its control of autophagy and mitophagy.
The modulation of acetylation in response to nutrient levels
Acetyl-CoA is a metabolic intermediate that resides within mitochondrial, cytosolic and nuclear compartments [23] . In mitochondria, acetyl-CoA is generated during the oxidation of pyruvate and fatty acids, and its major function is to convey carbon atoms to the citric acid cycle for energy production. Therefore, the availability of acetyl-CoA, via its catabolism in the citric acid cycle with the generation of NADH, may also affect the NAD/ NADH ratio, and potentially sirtuin deactylation activity. These effects may also place the mitochondria at the hub of cellular acetylation status. Furthermore, the citric acid cycle intermediate citrate can be exported from the mitochondria into the cytosol and nucleus respectively. In both these compartments ATP citrate lyase (ACL) converts citrate to acetylCoA. In the cytosol, acetyl-CoA serves as a substrate for lipogenesis and for acetyltransferase enzymes. In the nucleus, the acetyl-CoA, at least derived from growth factor stimulation, excess glucose oxidation and ACL activity in the cytosol, functions as a substrate for histone acetyltransferase reactions. Therefore nutrient status directly alters acetyl-CoA levels in the mitochondria and cytosol leading to coordinating histone acetylation and gene expression [24] .
Acute restriction in caloric intake provokes adipose tissue lipolysis, resulting in elevated levels of circulating non-esterified fatty acids [25] . When levels of circulating fatty acids are high, the production of acetyl-CoA from fat breakdown exceeds the cellular energy requirements. In an organ restricted fashion, the excess acetyl-CoA can be employed in lipid, cholesterol and ketone body synthesis, and as a substrate for protein acetylation. Nutrient overload, by increasing fatty acid and/or glucose levels, can similarly increase acetyl-CoA levels resulting in similar, albeit possibly more chronic, effects. Although longer-term caloric restriction and/or starvation results in a reduction in circulating free fatty acid and triglyceride levels once fat stores are catabolized [26, 27] , these nutrient depleted states increase hepatic and renal ketogenesis, with concurrent ketone catabolism as an acetyl-CoA source for high-energy consuming organs such as the brain and heart [28] .
In parallel, within mitochondria there is evidence that with changes in acetyl-CoA levels there is concurrent modulation of acetylation levels on a multitude of proteins in response to diverse conditions including fasting, caloric restriction and overload, and following ethanol intoxication [19, [29] [30] [31] [32] . As mentioned and discussed below nutritional status also affects the NAD/NADH ratio and sirtuin activity leading to enzymatic deacetylation. The molecular regulatory control of protein acetylation and the functional consequences of this posttranslational modification have been actively pursued over the last decade. These programs and effects are reviewed in the following section.
Additionally, the recognition of non-enzymatic acetylation of proteins in the presence of acetyl-CoA was described many decades ago [33] and denatured mitochondrial proteins undergo acetylation in the presence of acetyl-CoA [16] . In fact, it has been suggested that the high acetyl-CoA concentration and pH of mitochondria promotes non-enzymatic protein acetylation [34] . However, as mentioned below, GCN5L1 may counter Sirt3 mediated deacetylation in the mitochondria. The concept of non-enzymatic protein acetylation may be operational in diabetes where metabolic inflexibility, which is defined as the inability to switch from fatty acid to glucose oxidation during the transition from the fasted to fed state, results in part from the allosteric inhibition of pyruvate dehydrogenase by increased mitochondrial acetyl-CoA levels [35, 36] . The role of non-enzymatic protein acetylation has not been extensively investigated, although its' potentially important regulatory role has been recently been reviewed [37] .
Nutrient-sensing regulatory control of protein acetylation
There are three major acetyltransferase (also known as histone acetyltransferases [HATs] or, more accurately, lysine acetyltransferases [KATs]) families, and member proteins from each group have been implicated in the control of cellular homeostasis (reviewed [15] ). Like KATs, deacetylase proteins (also known as histone deacetylases [HDACs] or lysine deacetylases [KDACs] ) are grouped into families. Class I, II and Class IV are zincdependent and are either localized in the nucleus or can shuttle between the nucleus and the cytoplasm [38] . These enzymes are predominantly regulated independent of nutrient-status. In contrast, the Class III KDACs are predominantly NAD + -dependent deacetylases (Sirtuins), and as mentioned, function as sensors of the energetic status of the cell in response to the subcellular compartment levels of NAD + and nicotinamide and/or to the ratio of NAD + :NADH [39] [40] [41] [42] [43] . Mammals have 7 sirtuin enzymes designated Sirt1 through Sirt7, which have distinct tissue distributions and subcellular localizations that, in part, contribute to their distinct biological functions [44] [45] [46] . The mammalian sirtuins are further phylogenetically divided into five subclasses based on the homology of their 250 amino acid core domain [47] . Sirt1, 2 and 3 constitute subclass I and predominantly function in the nuclear (Sirt1), cytoplasmic (Sirt1 and 2) and mitochondrial (Sirt3) compartments. These three enzymes show closest homology to the yeast longevity protein Sir2, exhibit the most robust deacetylase activity and will be reviewed here, in concert with their counterregulatory KATs, in the control of the autophagy/mitophagy regulatory programs.
Sirt1 is the most extensively explored sirtuin, and it deacetylates multiple targets in the nucleus and cytoplasm (see reviews [45, 48] ). The essential role for Sirt1-mediated deacetylation of nuclear regulatory proteins and metabolic pathway enzymes is underscored in that the genetic depletion of Sirt1 results in embryonic lethality. Interestingly, Sirt1 is activated by both starvation and caloric restriction which align with its nutrient-sensing role and possible role in longetivy. Sirt1's deacetylation targets include LKB1, NF-κB, PGC1-α and Foxo3a therefore linking Sirt1 activity to AMPK, nutrient sensing enzymes, inflammation, mitochondrial biogenesis and oxidant defense systems, respectively [45, 46, 49] . Sirt1 also regulates numerous aspects of cell metabolism through deacetylation of PPARγ (β-oxidation) and FOXO1 (gluconeogenesis). In addition, Sirt1 plays a role in autophagy through deacetylation of numerous autophagy factors (see below). Sirt2 also has nuclear and cytosolic targets, and in contrast to Sirt1, the depletion of Sirt2 has ameliorative effects against multiple stressors [50] [51] [52] ). Its regulatory role in autophagy is less well established, but is discussed further in the section 4.3 of this review. Sirt3 is the third major deacetylase and it functions predominantly in mitochondria [53] . The depletion of Sirt3 has a subtle phenotype [54] which is unmasked in response to prolonged fasting [18] , or following chronic perturbations in caloric intake [19, 55, 56] . Sirt3 mediated deacetylation has been shown to regulate numerous aspects of mitochondrial function including ROS generation, ATP production and apoptosis by regulating MPTP opening [17, [57] [58] [59] . In addition, Sirt3 regulates β-oxidation, amino acid metabolism, the electron transport chain, ATP production and the urea cycle [60, 61] .
The counter-regulatory acetyltransferase enzyme system is less well characterized, although in the nucleus both Gcn5 and p300 have been shown to counter the actions of Sirt1 [48] . It is interesting to note that the levels of Gcn5 are reduced when Sirt1 is genetically depleted as a putative adaptive process to 'compensate' for the reduction in the deacetylase suggesting that mechanisms exist within the cell to regulate protein acetylation status by regulating enzyme expression [62] . These acetyltransferase proteins have not been extensively studied in autophagy, although the role of p300 will be discussed below. The process of protein acetylation in the mitochondria is even less well understood, although GCN5L1 has been identified as a critical component of this program and was recently shown to regulate mitophagy [63, 64] .
Autophagy as a nutrient-sensing housekeeping program
The first 30 years of research after the description of autophagy focused on its role in protein and intracellular content catabolism in response to nutrient deprivation [65] . Our knowledge of the diverse spectrum of intracellular functions linked to autophagy has expanded significantly as a result of the phenotypes uncovered by genetic manipulation of canonical molecules regulating autophagy [3, [66] [67] [68] . The broad array of functions attributed to autophagy has recently been reviewed [3, 69, 70] , and will not be extensively discussed here. Nevertheless, characterization of these regulatory programs has also enhanced our understanding of cellular energetic sensing in the regulation of autophagy, cellular refueling and metabolism.
Canonical Mediators of Autophagy
The autophagy program begins, from a structural perspective, with the formation of an isolation membrane which is termed the phagophore. This structure develops from membrane components gleaned from the endoplasmic reticulum (ER), the plasma membrane and/or the mitochondria [71] . Numerous membranes can contribute to phagophore formation as evidenced by this structure being formed at ER-mitochondria contact sites [72] . The process is followed by elongation of the phagophore and closure to form the autophagosome, and then by fusion of the autophagosome to the lysosome. During this process, portions of the cytoplasm (microautophagy), protein aggregates (chaperonemediated autophagy), or complete organelles, for example mitochondria (mitophagy), are engulfed by the double membraned autophagosome for subsequent fusion with lysosomes. The degradation of proteins and organelles by the lysosomal hydrolytic enzymes provides the cell with the nutrients that are required to adapt to unfavorable conditions such as starvation. Other important functions of autophagy include: a role in cell differentiation, as shown by the involvement of mitophagy in mitochondrial depletion during erythrogenesis (Mortensen et al., 2010); the elimination of aggregate-prone proteins that would otherwise accumulate in the cytoplasm and jeopardize the integrity of the cell [73] ; the homeostatic quality control of damaged organelles [12] ; and the concomitant regulation of the inflammasome [74, 75] .
Molecular and genetic studies in yeast and mammalian cells have begun to define the protein complexes required to initiate autophagosome assembly and to facilitate the progression through the autophagosome-lysosomal pathway. A simplified schematic illustrating the regulatory and structural proteins involved is shown in Figure 1 . Autophagosome assembly includes the sequential activation of the Ulk1 multi-protein complex; the Beclin1/class III phosphatidylinotisol 3-kinase (PI3K) complex and two ubiquitin-like protein complexes. These apical events in the initiation of autophagy and in the autophagosome nucleation have been described previously [76] [77, 78] .
The two ubiquitin-like systems involved in autophagy generate the Atg5/12/16 complex and promotes the lipidation of microtubule-associated protein 1 light-chain 3 (LC3). Atg12 is covalently attached to Atg5 by the action of Atg7 and Atg10, E1-like and E2-like enzymes respectively. The Atg5-Atg12 conjugate interacts with Atg16 non-covalently. LC3 (Atg8) is first cleaved by Atg4 and then covalently conjugated to phosphatidylethanolamine (PE) by the action of Atg7 and Atg3, a E2-like enzyme, to form LC3-II. LC3-II is a component of the phagophore membrane and thus is the classical marker for autophagosome assembly. These conjugation systems are proposed to promote elongation of the phagophore and are regulated by nutrient availability, in that some components (Atg5, Atg7, Atg8 and Atg12) are modified by acetylation [79, 80] (see below).
The absolute requirement of autophagy in the transition from placental nutrition to lactation is evident in that the complete genetic depletion of numerous canonical autophagy proteins in mice results in death within the first day of life (for review, [81] ). These deficiencies can be bypassed by the conditional knockout of some of these proteins in a tissue restricted manner, as shown with the conditional depletion of Atg5 or Atg7. These mice do survive but show severe defects including the accumulation of swollen and deformed mitochondria -a phenotype highlighting the role of autophagy as a intrinsic organelle quality control program (for review, [81] ).
Regulation of autophagy by nutrient availability
The nutrient-sensing control of autophagy is predominantly regulated by two interconnected signaling pathways, i.e. the mammalian target of rapamycin1 (mTOR1) complex and adenosine monophosphate-activated protein kinase (AMPK).
The mTOR1 complex consists on mammalian target of Rapamycin (mTOR), Raptor and additional regulatory proteins. This complex is controlled by the availability of growth factors and of amino acids. When growth factors are present, they trigger signaling through the insulin-like growth factor receptor (IGF1R), with the subsequent activation of the Akt kinase. The activation of Akt results in a plethora of phosphorylation-dependent events that coordinately activate and/or inactivate counter-regulatory programs. Although, this has been extensively reviewed elsewhere [3, 82, 83] , examples of this coordinate regulation include the activation of Raptor for mTOR1 activation and the inhibition of the TSC1-TSC2 complex, which is an inhibitor of mTOR. Active mTOR1 inhibits autophagy via the phosphorylation of numerous canonical autophagy mediators including the inhibition of Ulk1 complex via direct and indirect effects [77, 84] . On the other hand, under starvation conditions, active TSC1-TSC2 inhibits mTOR1 leading to the activation of the Ulk1 complex and downstream regulatory complexes. This ultimately leads to the initiation of autophagy. The mechanisms whereby amino acids levels modulate mTOR1 activity are being defined [85] .
AMPK is a nutrient sensing kinase that is activated by the elevated ratio of the AMP:ATP nucleotides in the cell. AMPK activation triggers a multitude of energy production and sparing effects (see recent review [86] ), which includes the activation of autophagy [87] . Here, the activation of AMPK directly interacts and activates Ulk1 via the phosphorylation of distinct serine residues [84] . The activation of Ulk1 complex therefore appears to function as a common node in both AMPK activation and mTOR1 inhibition nutrient-sensing induction of autophagy.
It has recently been recognized that a mitochondrial associated BH3 domain protein Beclin 1 also functions in a nutrient dependent manner in the modulation of autophagy in part via its interaction with other BH3 domain proteins including Bcl-2 or Bcl-xl. When bound to these antiapoptotic proteins, Beclin 1 is precluded from interacting with its cognate partners in the Beclin/class III PI3K complex. However, under starvation conditions Beclin 1 dissociates from Bcl-2 (reviewed [88] ).
Acetylation as a post-translational modifier of autophagy
Numerous post-translational modifications (PTMs) are utilized in the regulation of autophagy including phosphorylation, lipidation and ubiquitination. Emerging evidence suggests that acetylation is another major PTM orchestrating the regulation of autophagy (and mitophagy) in a nutrient-dependent manner. The nutrient-sensing deacetylase Sirt1 is induced by starvation and modifies numerous proteins in the nucleus and cytosol. Evidence suggests that it plays a major role in autophagy induction during nutrient depletion through deacetylation of canonical autophagy mediators. Interestingly, the transient overexpression of Sirt1 is sufficient to induce autophagy in the absence of nutrient deprivation and Sirt1 KO MEFs display attenuated starvation-activated autophagy [79] . In parallel with this phenotype, Sirt1 directly interacts with and deacetylates canonical autophagy mediators, including Atg5, 7 and 8 [79] . In a concomitant pattern, the knockdown of the acetyltransferase protein p300 diminished acetylation of Atg5, 7, 8 and 12, thereby enabling autophagy [80] . Additionally the overexpression of p300 impairs starvation-induced autophagy [80] . Taken together it appears that acetylation status of canonical autophagy mediators regulates autophagy induction in a nutrient dependent manner by the longevity protein Sirt1 and counter-regulated by the acetyltransferase p300. In addition, Sirt1 has been found to drive autophagy via its deacetylation and activation of FoxO3, a transcription factor that regulates the expression of the GTP-binding protein Rab7 and mediates late autophagosome-lysosome fusion [89] .
Interestingly, and via a completely distinct mechanism, the cytosolic microtubule-associated histone deacetylase HDAC6 also functions to stimulate autophagosome-lysosome fusion [90] . The mechanisms underpinning this are discussed in the context of mitophagy in the following section. Recently, another histone deacetylase in the same family as HDAC6, HDAC10, was shown to influence autophagy. Loss of HDAC10 disrupts autophagic flux leading to the accumulation of autophagic structures in neuroblastoma cells suggesting that acetylation status regulates autophagy in cancer. It is thought that tumor cells use autophagy as a defense mechanism when exposed to chemotherapy agents. HDAC10 has been shown to deacetylate and activate heat shock 70 protein family members, which plays a role in lysosomal protein degradation and membrane integrity during the final stage of autophagy. Therefore HDAC10 may function in tumor cells to augment lysosomal function and the autophagic process through its actions on Hsp70 [91] .
Overall, emerging evidence suggests that numerous deacetylases regulate global autophagy at a variety of stages of the autophagic process through modulation of the 'acetylome.' This concept of acetylation-mediated macroautophagy is also evident using pharmacologic compounds through the induction of autophagy by resveratrol, which promotes sirtuin activity and deacetylation, and by spermidine, which functions as an inhibitor of acetylation [92] . Administering spermidine to yeast leads to deacetylation of histone H3 with subsequent upregulation of various autophagy transcripts including ATG7, 11 and 15. This augmented autophagy was essential for attenuated oxidative stress and necrosis ultimately promoting longevity in yeast [93] . Furthermore, global changes in the acetylome using the acetyltransferase inhibitor spermidine and the sirtuin activator resveratrol trigger autophagy in independent but converging mechanisms. Resveratrol mediated autophagy induction requires Sirt1, while spermidine acts independently of Sirt1 suggesting that these compounds use different mechanisms to trigger autophagy. Despite these potential different mechanisms it appears that both compounds trigger similar changes in the global acetylome of the cell [92] . Also of note, spermidine and resveratrol alter the acetylation status of over 100 proteins that are part of the human autophagy system network [94] . It should be noted that although resveratrol and spermidine are thought to promote protein deacetylation, treatment with these compounds promotes both deacetylation and acetylation changes in the global acetylome. Therefore autophagy induction through global deacetylation or acetylation changes appear not to be unidirectional. This is highlighted by the fact that alterations in the acetylome of autophagy mediators is not directly concordant with the modulation of autophagy, as the histone acetyltransferase Esa1 directly acetylates Atg3 to increase autophagy in yeast [95] . Additionally, in cancer cells the disassociation of the cytosolic deacetylase Sirt2, from the transcription factor FoxO1, promotes autophagy [96] . Here, the acetylation of FoxO1 facilitates its interaction, in a transcription independent manner, with Atg7 to augment autophagy [96] .
Taken together, these data make a strong case for Sirt1 and HDAC6 dependent deacetylation in starvation-induced autophagy. However, the findings discussed above also suggest a more complex role for acetylation PTMs in the overall control of these nutrient-dependent and independent autophagic housekeeping programs. Furthermore, in metazoans it has recently been shown that the acetylation of Ulk1, by a nuclear acetyltransferase (TIP60), in response to growth factor deprivation, can activate autophagy [97] . Taking all these findings into account suggest a more complex system that is not completely characterized. Nevertheless, what is becoming apparent is that acetylation plays a major role in the regulation of macroautophagy.
Acetylation in the control of selective mitophagy

Mitophagy as a regulated and selective housekeeping program
Mitophagy, a mitochondrial specific form of autophagy, is vital for homeostatic control of this organelle. Mitophagy is essential for: depletion of mitochondria during the maturation of erythrocytes [98] ; the post-fertilization removal of mitochondria in embryos [99] ; maintenance of mitochondrial genomic integrity [100] and control of mitochondrial homeostasis in response to cellular stressors [12, 101] . Mitochondrial density and function are tissue specific [102] and mature red blood cells lack mitochondria to ensuring efficient systemic oxygen delivery and fertilized eggs degrade sperm-derived mitochondria to retain maternal mitochondrial genome inheritance, respectively. These two cell types epitomize the biological extreme of mitochondrial clearance through the mitophagy program as a mechanism to optimize their respective unique functions. Selective mitochondrial removal is also evident in response to mitochondrial damage, either via chemical mitochondrial uncoupling by carbonyl cyanide m-chlorophenyl hydrazone (CCCP) [103] , or through ischemia induced injury that triggers mitophagy to eliminate damaged ROS generating mitochondria [101, 104] . Numerous protein mediators have been identified that link to the mitochondria thereby targeting this organelle for sequestration by the autophagolysome machinery [12, 105] . The elimination of defective mitochondria through mitophagy has potentially interesting implications in aging [106] and age-related diseases such as neurodegeneration [107] . Although it has not been comprehensively demonstrated in mammalia, the mitophagy program has been shown to be central to maintenance of mitochondrial content and integrity in yeast [100] . Here, wildtype yeast maintains mitochondrial content and genomic integrity in response to nitrogen deprivation stress. In contrast, yeast devoid of the mitophagy receptor Atg32 display augmented mitochondrial mass with increased levels of damaged mitochondria due to an inability to properly regulate mitophagy. This creates a vicious cycle of accumulated damaged mitochondria generating oxidative stress that further leads to a loss of mitochondrial genome integrity following nitrogen deprivation. To date, a mammalian equivalent of ATG32 has not been described.
Regulatory proteins operational in selective mitophagy
In addition to the (de)acetylation of lysine residues of autophagy proteins by mediators such as Sirt1 as described above other PTMs appear to be crucial for mitophagy regulation. The ubiquitination of lysine residues on mitochondrial proteins has been identified as an important 'signature' in the initiation of mitophagy. This was initially uncovered when the E3-ubiquitin ligase Parkin was found to target damaged mitochondrial outer membrane proteins for ubiquitination as a mitophagy initiating event [103] . The molecular program orchestrating this has been more extensively characterized and involves multiple proteins.
An important outer mitochondrial membrane (OMM) protein involved in this regulation is the serine-threonine kinase Pink1. Under basal conditions, Pink1 is degraded by mitochondrial proteases such as mitochondrial processing peptidase (MPP) and presenilinassociated rhomboid-like protease (PARL) [108] . However, in response to extensive mitochondrial injury, Pink1 levels accumulate on the OMM enabling it to attract and phosphorylate the cytosolic protein Parkin. The enrichment of this E3-ligase on the OMM directly ubiquitinates constitutive OMM proteins including: VDAC1; mitofusin-1 and -2 (Mfn1 & 2) and Miro. It is interesting to note that the Mitofusins are central to mitochondrial fusion and ubiquitination promotes their degradation, which is mediated by the proteosome and p97. Inhibition of fusion would yield smaller fragmented or "bite sized" mitochondria that would be physically ideal for degradation in autophagosomes. Additional evidence of the importance of fragmented mitochondria for mitophagy is the fact that Drp1 (a fission mediator) knockout MEFs are impaired in fasting and uncoupling induced mitophagy [109] [110] [111] . A fundamental role for mitochondrial dynamics during mitophagy is also supported by the fact that acute fasting promotes hyper-fusion of mitochondria via protein kinase A mediated inhibition of Drp1. This hyperfused state of mitochondria is thought to prevent mitochondrial degradation by mitophagy during short periods of nutrient limitations although mitochondria are eliminated following chronic starvation conditions [112] . The role of the modulation of mitochondrial dynamics in mitophagy is probably more complex than initially proposed, as Parkin has also been shown to target and promote the degradation of Drp1 [113] . Also, the Parkin target Miro facilitates mitochondrial mobility along microtubules, and its ubiquitination inhibits mitochondrial motility [114] . This is proposed to contribute to damaged mitochondrial immobility, a physical property that probably is conducive to efficient mitophagy.
Parkin mediated ubiquitination of OMM proteins targets mitochondria to autophagosomes. The decoration of the OMM with ubiquitinated lysine residues attracts the adaptor protein p62/Sequestosome1 [115] from the cytosol to the mitochondria. p62 also binds to LC3-II (Atg8) on the autophagosomes [116] . Although p62 has been found to be an important mediator in the initiation of mitophagy, p62 chaperone independent programs are also operational [105] . Also, the integrated roles of mitophagy and the proteosome in mitochondrial turnover is elegantly illustrated where the Pink1/Parkin/Ubiquitin/p62/LC3-II cascade occur in parallel with the degradation of the OMM components by the proteosome [117] . Here, mitochondrial depolarization initiates OMM protein degradation via the p97 AAA+-ATPase protease family member, in a Parkin dependent manner [117] . As an E3-ligase, Parkin has numerous other substrates that are probably not directly linked to mitophagy and those pathways are not discussed further here [118] [119] [120] . However, Parkin can also link mitophagy to the macroautophagy machinery by directly binding to a protein within the the Beclin1/class III phosphatidylinotisol 3-kinase (PI3K) complex [121] to promote autophagosome nucleation.
In light of the large number of E3-ubiquitin ligases, it is not surprising that additional family members can also initiate this program. To date it has been found that the overexpression of the mitochondrial localized RNF185 E3-ligase induces BNIP1 ubiquitination on the OMM, with subsequent p62 co-localization and targeting of mitochondria to autophagosomes [122] .
Also the E3-ligase Smurf1, has been shown to function in concert with Parkin in CCCPinduced mitophagy [123] .
In contrast to ubiquitin and p62 dependent mitophagy, alternate mitochondrial linked 'receptors' have been identified that can directly interact with LC3-II to sequester mitochondria to the autophagosome. Examples of such OMM 'receptors' include Nix/ Bnip3L and Bnip3, which as BH3 domain proteins can directly interact with LC3-II [124, 125] . This mammalian mechanism mirrors a program operational in yeast where Atg32 on the OMM directly interacts with the autophagosome, although ATG32 and Nix do not show homology [126] . Interestingly, 'nutrient' sensing transcription factors such as HIF-1, and Foxo3, regulate expression of Nix and BNIP3. This is also linked to acetylation, in that Sirt3 mediated deacetylation of Foxo3 in response to redox stressors has also been shown to drive mitophagy [127] . Additionally, another OMM mitophagy 'receptor' protein that has recently identified is called FUNDC1. Under an oxygen-replete milieu FUNDC1 is inhibited in response to Src kinase phosphorylation, while under hypoxia this inhibition is relieved and FUNDC1 directly binds to LC3-II to promulgate mitophagy [128] . Various proposed mechanisms of autophagy are depicted in Figure 2 .
Acetylation as a nutrient-sensing PTM in mitophagy
The emerging understanding of mitophagy programs has uncovered the role of ubiquitination and phosphorylation PTMs in regulating organelle degradation. As acetylation is both a nutrient sensing PTM and important in the modulation of the activity of canonical cytosolic autophagy regulators [79, 80] , it is not surprising that this PTM is also emerging as an important sensor in the mitophagy induction program. In a fashion somewhat reminiscent of the role of Miro, the deacetylases Sirt2 and HDAC6 negatively regulate mitochondrial movement on microtubules in response to their deacetylation of α-tubulin. Although the role of Sirt2 in mitophagy does not appear to have been directly explored, HDAC6 has been found to also play a role in Parkin mediated mitophagy [129] . In response to CCCP administration, HDAC6 interacts with the OMM, where its effect on microtubule function is proposed to augment mitophagy by stalling mitochondrial motility, as a putative promoter of the aggregome [129] . In addition to negatively regulating mitochondrial motility, HDAC6 promotes autophagosome-lysosomal fusion by deacetylating Cortactin and promoting F-actin remodeling [90] . Therefore, an emerging concept is that Parkin enables mitophagy by both promoting the immobilization of damaged mitochondria and by catalyzing their subsequent ubiquitination for damaged mitochondrial targeting to autophagosomes [12, 90, 129] .
Similarly to the role of Sirt1 in modifying macroautophagy [79, 80] , the mitochondrial deacetylase Sirt3 is activated, and a component of the mitochondrial acetyltransferase machinery, GCN5L1, are downregulated by nutrient deprivation [18, 63] . By extension, the question arises as to whether the mitochondrial acetylation profile can modulate mitophagy. We find that the isolated genetic depletion of Sirt3 does not appreciably modulate mitophagy. However, in stark contrast, GCN5L1 knockdown MEFs show robust accumulation of LC3-II and p62 on mitochondria. Using various cell lines and knockdown MEFs where GCN5L1 was depleted by either lentiviral shRNA or genetically, we have identified that the augmentation of mitophagy in response to GCN5L1 depletion, and concurrent restricted mitochondrial deacetylation, is associated with: the robust increase in mitochondrial protein ubiquitination; is dependent on Atg5 and p62; and does not require Parkin [63] . Interestingly, mitophagy induction through GCN5L1 depletion improved mitochondrial homeostasis as measured by reduced ROS generation and MPTP opening [63] . Major outstanding issues to be resolved in this mitochondrial deacetylation initiated mitophagy are: does the deacetylation of lysine residues of mitochondrial proteins enable or facilitate ubiquitylation in an allosteric manner (as shown for extra-mitochondrial proteins [130] ); what are the targets of mitochondrial protein ubiquitination and, if ubiquitination of OMM is driving this mitophagy induction, how does the depletion of GCN5L1 promote this PTM? Interestingly, the siRNA screen utilized by Orvedahl et al. that found SMURF1 regulates mitophagy also found that GCN5L1 may regulate mitophagy [123] . Despite no effect under basal conditions, Sirt3, in response to oxidative stress, initiated mitophagy via deacetylation of FoxO3 with the subsequent upregulation of Nix and Bnip3 [127] suggesting that Sirt3 and GCN5L1 are working opposite each other to regulate mitophagy function through global changes in the mitochondrial acetylome. Further work will be required to investigate whether this exogenous stress-induced loss of mitochondrial proteins shares features with the mitophagy program induced by discrete mitochondrial protein deacetylation in response to GCN5L1 depletion, i.e. is there overlap in targets of Sirt3 and GCN5L1 mediated (de)acetylation during mitophagy induction. Although not explored to date, a potential mechanism whereby changes in mitochondrial acetylation may activate mitophagy could result from metabolic change mediated reactive oxygen signaling. This mechanism has recently been found to drive mitophagy in response to the modest blunting of electron transfer chain activity in drosophila [131] . Additionally, via as yet undefined retrograde signaling, the genetic depletion of GCN5L1 also activates a master regulator of lysosomal biogenesis [64] , which in itself may potentiate autophagy. These and other potential pathways whereby GCN5L1 and/or Sirt3 may regulate these programs are illustrated in Figure 3 . Additionally, when combined with the actions of cytosolic (de)acetylases, it appears that the acetylation plays a significant role in mitochondrial autophagy, dynamics, turnover and homeostasis [129, 132, 133] .
Conclusions/Future Directions
Our understanding of how autophagy and mitophagy play a pivotal role in maintaining cellular homeostasis is advancing in parallel with the recognition that acetylation, as a major nutrient sensing PTM, is an integral regulatory component of these programs. This review highlights the integration of these two concepts and we propose that the increased understanding of these programs may identify approaches to modify the autophagy/ mitophagy program in pathology amelioration. The potential to modify these pathways to ameliorate disease is already being suggested in that the inhibition of Sirt2 and HDAC6 has been shown to have beneficial effects in models of Huntington, Parkinson and Alzheimer disease [50, 134, 135] , suggesting that the control of mitochondrial motility plays a role in the pathogenesis of neurodegeneration. Although, whether this is directly linked to autophagy or mitophagy in neuronal cell quality control, remains to be addressed. More direct evidence where the disruption of autophagy and mitophagy exacerbate pathology has been demonstrated in fatty liver disease, in pressure-overload and ischemia mediated heart disease and in the exacerbation in immune responses [74, 104, 136, 137] . Taken together these early studies suggest that as we advance our understanding of the nutrient regulatory role in augmenting the autophagy/mitophagy housekeeping programs we should gain insight and potential targets to study to prevent or reverse nutrient excess associated diseases. Nutrient depletion pathways in the activation of autophagy. A. In the presence of nutrients, growth factor and amino acids, Sirt1 and AMPK are inactive, whereas AKT is activated by the growth factor receptors. AKT activates mTOR directly, and indirectly by blocking its inhibitor TSC1/2. The mTOR complex sequesters and phosphorylates the Ulk1 complex, and phosphorylates and inhibits the Beclin/class III PI3K complex. P300 acetylates and inhibits LC3, Atg7, Atg5 and ATg12, members of the ubiquitin-like systems involved in the elongation of the phagophore. Autophagy is inhibited. B. In the absence of nutrients, growth factors and amino acids AKT is inactive, whereas AMPK is activated by the low AMP/ATP ratio. AMPK inhibits mTOR directly and indirectly, by activating its inhibitor TSC1/2. AMPK also bind to the Ulk1 complex, phosphorylating Ulk1. The Ulk1 complex phosphorylates the Beclin/class III PI3K complex, which generates PIP3 and this leads to Multiple mechanisms are employed in the degradation of mitochondria through mitophagy. Pink1 protein levels are stabilized in depolarized mitochondria, following a reduction in its proteolytic processing by PARL, which triggers the activation of the E3 ubiquitin ligase, Parkin. Parkin ubiquitinylates mitochondrial membrane proteins, which concurrently blocks mitochondria fusion (via the degradation of mitofusin proteins) and directs depolarized organelles to autophagosomes, mediated by p62 and LC3-II. Both hypoxia and cellular differentiation induce mitophagy via NIX and BNIP3, which homo-dimerize and directly bind to LC3-II during autophagosome formation. This dimerization is also thought to free Beclin1 from its interaction with anti-apoptotic BCL-2 family proteins. Hypoxia has also been shown to block FUNDC1 phosphorylation, which results in FUNDC1 binding to LC3-II. Finally, the mitochondria-localized E3 ligase RNF185 ubiquitinylates BNIP3, leading to the targeting of mitochondria to autophagosomes via p62 and LC3-II. (B-cell 
